The corrosion resistance and cytocompatibility of two high N-bearing austenitic stainless steels as well as SUS 316 L were evaluated in a simulated physiological environment . Potentiodynamic polarization measurements and analysis of released metal ions from alloy specimens immersed in 0.9 % NaCl solution were made to evaluate the corrosion resistance. The surface of the alloys was characterized with X-ray photoelectron spectroscopy (XPS). Cell growth of human gingival fibroblasts was examined under culture conditions on these alloy surfaces. The pitting potential of the high N-bearing Fe-Cr-Mn-Mo alloy was higher than that of high N-bearing Fe-Cr-Mn alloy and SUS 316 L. CrN formed in the outer region of the passive film and N enriched at the alloy surface under the passive film may be effective in improving pitting corrosion resistance.
1. Introduction Austenitic stainless steels have been long used in orthopedic and dental implants for fracture fixation and joint replacement 1' . Although stainless steels have good mechanical properties and good machinability, they are highly susceptible to localized corrosion in vivo as compared with such metallic implant materials as Ti and Co-Cr alloys. Cook et al. examined 82 retrieved SUS 316 L stainless steel bone plates and found that approximately 90% generated either pitting corrosion on the surface or crevice corrosion at the screw-plate interf ace 2' . A positive correlation between the corrosion loss of the stainless steels and the inflammatory response of the adjacent tissue has also been reported 3' .
The incidence of Ni hypersensitivity has been estimated to be as much as 4 % in the general population 4' . Animal studies have demonstrated that Ni released from austenitic stainless steels concentrate in the lungs, spleen, and kidneys 5' . Contact hypersensitivity to Ni contained in austenitic stainless steels has also been reported under clinical conditions 6' . To avoid such Ni allergy problems, a Ni-free, high-Cr ferritic stainless steel was developed for implant use 7' . This ferromagnetic material, however, may influence tomographic images of tissue using magnetic resonance imaging (MRI) 8> , For this reason, non-magnetic austenitic stainless steels are selected as a material for implants. A commercially pure Ti (CPTi) was used as a control. The chemical compositions of the stainless steels are shown in Table 1 . The Mo content was 0. 01 % and 3. 83 % for JSW-N1 and EU-90, respectively. Plate specimens of 12 x 12 X 1 mm 3 were polished mechanically to a mirror finish using emery papers followed by 3,.em alumina paste. The polished specimens were cleaned ultrasonically in distilled water for 60 s and then dried with flowing air.
2.2 Measurement of anodic polarization curve Anodic polarization measurements were carried out in deaerated saline solution (0. 9 % NaC1 solution) at 37° C under argon bubbling. Before the measurement of anodic polarization curve, the specimens were cathodically treated in the solution under a constant current density of -10 cm2 for 5 min to remove the preformed film in air. The measure- were immersed in a 20 ml polystyrene vial containing 0. 9 % NaCl solution of 10 ml at 37° C. After the immersion for 7 days, the specimen was pulled out from the solution, and the sample solution was acidified by the addition of concentrated HN03 to make a 0. 1M HN03 solution. An air-acetylene flame was employed for the Fe and a graphite tube atomizer was employed for the other metals.
Surface analysis by XPS
The XPS spectra were obtained using an X-ray photoelectron spectrometer (ESCA-850, Shimadzu Co. Ltd., Kyoto, Japan) with Al Ka radiation operated at 7 kV accelerating voltage and 30 mA current under a vacuum of 1 x 10-6 Pa. The binding energy scale was calibrated by the Au 4f7/2 and Cu 2p3/2 peaks at 83. 8 and 932. 8 eV, respectively. The chemical state of N was analyzed only for the Mo-free Fe-Cr-Mn steel containing 0. 75% N (JSW-N 1), because the Mo 3p3/2 line overlapped the N 1s line and the separation of these two lines was complicated.
The surface of the polished steel was analyzed before and after immersion in distilled water for 4 days. No pitting corrosion was observed after immersion in the neutral solution free of Cl-, and the thickness of the passive film increased uniformly, making it suitable for XPS analysis. The passive film on the JSW-N 1 was subjected to Ar+ etching at 2kV and 20 mA under a pressure of 5 x 10-4 Pa in the spectrometer.
The etching rate on pure Ag was 0. 1 nm • s-1 under these Table 1 Chemical composition of the stainless steels employed in this study (mass %).
conditions.
Cell growth experiments
To examine the cytocompatibility of stainless steels, human gingival fibroblasts were cultured on the polished plate specimens and their growth rate was determined in Dulbecco's modified minimum essential medium (DMEM) supplemented with antibiotics (Penicillin G, Gentamycin, Amphotericine B) and 15% fetal bovine serum at 37°C in a humidified atmosphere of 5 % C02 in air. The cells were removed from the surface by a trypsin solution and 0. 1 % glucose in citrate-saline (pH 7. 8), and resuspended in DMEM containing 15 % fetal bovine serum. The cell suspension was plated on plate specimens placed in 35 mm culture dishes at a cell population density of 1 x 103 cells • ml-1 . At 24, 48, 72, and 96 h after cell plating, the cells on the specimens were fixed and stained with 0. 73 % toluidine blue and 0. 27% basic fuchsin. The cell number on each sample was determined by triplicate counts of three fields magnified at x 100 under optical microscopy.
Three specimens were prepared and tested for each alloy. Table 2 shows the amount of Fe, Cr, Mn, and Ni ions released into the 0. 9 % NaCl solution. The amount of Fe and Cr ions for JSW-N 1 was one order of magnitude larger than those for 316-11 and EU-90. There were no significant differences in the amounts of Fe and Cr ions released from 316-11 and EU-90. In addition to Fe and Cr ions, small amounts of Ni and Mn ions were released from 316-11 and EU-90, respectively.
Amount of released metal ions
The amount of Ti ions released from CPTi was below the detection limit (0.12ng • mm-2) .
3.3 Surface analysis of the high N-bearing Fe-Cr-Mn alloy The XPS spectra showed the presence of four chemical states of N on the JSW-N1 surface after immersion in distilled water. Since the N 1 s spectral peak intensities of NH 3 and NH 4 + were as low as those detected on the surface of N-free stainless steels, these two compounds were not reaction products of N dissolved in the alloy and protons in the water but contaminants adsorbed on the surface during immersion in the water or during the transfer of the specimen into the spectrometer. The formation of CrN in the outer region of the passive film may result from the segregation of N and Cr due to preferential dissolution of Fe. It has been reported that CrN in the passive film improves the corrosion resistance by enhancing the formation of a more protective passive film16) . Atomic N was found to be enriched near the passive film/alloy interface, probably at the alloy surface under the passive film. As suggested by Osozawa Cell growth curves obtained on the CPTi and the three stainless steels. The present study clearly demonstrated a correlation between the corrosion resistance of the austenitic stainless steels and metal induced cytotoxity. The amounts of Fe and Cr ions released from EU-90 and 316-11 were very small and cell growth rates on these alloys were comparable to that on CPTi. On JSW-N 1, however, cell growth was depressed after 48 h. The metal ions released from JSW-N1 such as Fe, Cr, and Mn ions are all essential constituents of metalloproteins which participate in biologically important metabolic processes in cells 18) , but cellular viability is depressed when cells are exposed to increased concentrations of these metals 19) . It may be concluded that the large amounts of metals released from JSW-N 1 affected cellular viability and thereby depressed cell growth.
As shown in Table 2 , there was no significant difference in the amount of Fe ion released from EU-90 and 316-11 when they were freely immersed in 0. 9 % NaCl solution. The amount of Cr ion released from EU-90 was also identical to that from 316-11. In addition to Fe and Cr ions, small amounts of Mn and Ni ions were released from EU-90 and 316-11, respectively. According to skin patch testing of 18 unalloyed metals used in dentistry conducted by Hani et al., the incidence of positive allergic reactions to Mn was 0. 3 % in the general population, much lower than 3. 5 % for Ni2o~ This leads to the conclusion that EU-90, Ni-free austenitic stainless steel is superior to SUS 316 L as an implant material from the immunological point of view. The pitting potential of EU-90 in a chloride containing solution is much higher than that of 316-11, and so EU-90 may be expected to be less susceptible to pitting and crevice corrosion in physiological environments than SUS 316 L in current clinical use. The use of this high corrosion resistant austenitic stainless steel could reduce the adverse biological responses of tissues adjacent to bone plates and joint replacements made of SUS 316 L. 5 
